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Vascular Plants {or Warer Pollution Control
and Kenevable Sources of Energy

B. C. WOLVERTON
REBECCA €. MCDONALD

National Aeronautics and Space Adoinistracion
National Spsce Technology Laboratories

Vascular aquatic plants have demonstrated their
ability to remove pollutants from dumestic and chemical
vastewaters. Plants such as the water hyacinth
(Eichhornis crassipes), duckweed (Levns sp., Spirodela
sp., snd Wolffia «p.}, and cartail 'oha sp.) thrive in
nutrient-xTch waters and produce tremendous quantities
of biomass under favorable climatic conditions. This
wethod of wastewater treatment is currently being used
exclusively at NASA's National Space Technology Labora-
tories (HSTL) with vater hyacintfxs and duckweed to treat
daily over 759 w' of domestic wastewater and 114 m® of
chemical wastevater in four separate sysiems. The har-
vested plants frow these systems have been used in
varfous biomsss utflizacion projects over the past five
{::rs. In laboratory batch studies of digesting vascu-
ar plants with ansercbic f{lters, NASA has found chat
140-280 )iters methane per kg dry weight can be obrained
in ap average of 23 da{:. Current NASA projects at NSTL
seek to expand the -technology rvequired to design energy
systems which produce methane through bioconversion with
aniaerobic filters and use the wineral residue as &
nutrient source for producing new biomass.

Intxoduction

The science of tresting wastewster with a combina-
tion of microbiological and photosynthetic organisms and
converting the new biomass into products which can be
directly recycled into the environment ix a rapidly.
expanding field. The water hys-t..> (Fi-*lcvnja
crassipes), duckueed (Lemacese), «.d 02i&l pannywort
THydrocotyle ranunculoldes) are among the floating,
FME£TRENt Vescuiar aquatic plants that sre currently
being used for wastewater treatment (1,2,3). Srudies
with rooted, emergent vascular aquatic plants such as
bulrush (Shoencplectus lascustris), reeds (Phragmites
g}m&)m—%m s sp.) have also shown pro-
mising results (4,5). AYI] of the harvested plant
waterisl from these systems can be used as a substrate
for producing biogas containing an average of 607
wmethane by volume. The sludge Temaining from this pro-
cess can be recycled into the environment as stebilized
organic fertilizer. Numerous advantages can be cited
for an integrated system of waste treatwent by natursl
processes and energy production through bioconversion.
The major sdvantages are:

1. A high degree of vaste trestment and water
reclamation can be achieved.

2. Nutrients are reclaimed from the polluted waste-
water in an environmentally safe form (plant
biomass).

3. The bioconversion process produces .a clean fuel -
wethane .,

4. The bioconversion processes use renewable sub-
scrates in the form of fresh plant material.

5. Mineral residue from the bioconversion process
can be perpetuslly recycled as o fertilizer.

6. Biocopversion through anserobic fermentatrion s
» low tewpersture and low pressure process.

7. Methane can be stored for later use; whereas
-solaxr energy cannot be stored efficiently.

8. Methane can be used in existing hardwvare.

-9, Accfdenral #%ake from blodigesters have no
adverse or long terw environmental fmpact such
as those associated with oll spills or nuclesr
sccidents.

10. Mo by-products are generated vhich require fur-

’ ther treatment and/or perpetual storage.

11. Energy farms and biogas produccion do not alter
the heat balance of the earth.

Vestewater Treatment By Ratural Processes

The National Aeronautics and Space Aczinistrazion

{BASA) has supporied an extcnsive dDrogra= &t the Maticnal

Space Technology Laboratories (KSTL) to develep agui-

culture vasteuater treatrent technology as well as encryy

production techaiques which can be usec zlone er in rver-
junction with vastevater treazrent. The resulzs cf ine
NASA resesrch in the ares of aguiculzure have
lished in a nuzper of repcris. In brief, HaS
duced water hyacinths into four, exitcin;
water Lreatwent lagoon sysiexs in souz

120

The basic design features of the two, one cell lagoon
systems that were totally covered with water hyacinths
are consolidated in Table 2 (1,2). These systems were
monitored to determine the additional treatment that
could be contributed to the water hyscinth, It wust be
noted here that when the water hyacinth was introduced
into these systems a mixture of several species of duck-
weed and water pennywort were slso introduced. In the
winrer time, these cold tolerant plants became establish-
ed. However when warm weather returned in the spring,
these plants yielded to the highly prolific water
hyacinth.

TABLE 1. BASIC DESICK FEATURES Of THE NASA
EXPERIMENTAL SYSTEMS.L.

BODg
Discharge Loading
Lagoon Surface Flow Rate Rate
location Area, ha w'/day kg/ha/day
Lucedale, MS 3.6 93% 44
NSTL lagoon #1 2.0 475 26

As seen in Table 2, the warer hyscinth upgraded the
efflvent water quality in the systems to meet » maxioum
5-day biochemical oxygen demand (BODS) and total suspend-
ed solids (TSS) requirement of 30 mg/l each. Due to the
resulrs of this research endeavor, NASA at NSTL adapred
this technique to upgrade all of its domestic wastewater
systems at NSTL. There are three systems at NSTL which
datily receive a total of 759 w’ of domestic wastewater.

TABLE 2. MEAN WATER QUALITY OF THE NASA
EXPERIHENTAL SYSTEMS BEFORE AND i}'{ﬁl
THE ADDIT1ON OF WATER HYACINTHS.4.

T WITH W1THOUT
Water Hyacinths Water Hyacinths
BODs, ~ TSS, Box; . Tsfi
Lagoon wg/ /1 @ .
Location Inf Eff 13 Eff I:? Eff In% Eff

161 23 125 6 127 52 140 77
91 17 10 49

Lucedsle, MS
NSTL Lagoon #1 110 5 97 10

This technique was also applied successfully to the
treatment of NSTL's chemical wastewarers (6). A new sys-
tem in a zig zag configuration was constructed with the
following dimensions: surface area, 0.22 ha; length,

332 w; widrth, 6.4 p; maxioum depth, 0.78 m; total volume, |
1,041 m'. The wansl received 95 m’/day of water contam-

inated with photographic and chemical wastewater. Table
3 contains the average water quality of the system during
1ts first year of operation. This system is still effec-
tively operating to date with a :lig(wtly increased
influent flow rate of 114 w®/day.

TABLE 3. MEAN WATER QUALITY OF NSTL CHEMICAL
WASTE SYSTEM DURING FIRST YEAR OF

OPERATION. 6
CONCENTRATLON T%E‘n .

PARAMETER INFLUERT EFFLUENT .
BOD 113 3

cop 384 42

T0C n 17

™S 605 283

1SS 8 14

The cost effectiveness, efficiency, and environ-
mentral advantages of using aquatic plants for treacing
wasgewaters at NSTL during the past severszl years has
resulted in continuous support by NASA in seeking other
beneficial uses of higher plants. Current srudies st
NSTL are directed toward determining the degree of
nutrient recycling that can be achieved folfm:ing the
anaerobic digestion of plant biomass to produce methane.
The degree in which nineral residue from energy produc-
tion cen be reused as fertilizer is important in reduc-
ing the cost of energy farms. The porential for com-
bining waste treatment and energy production systems
wnere nutrfents from both sevage and anaerobic digestexs
are recycled through plant biomess is dewonstrated in
the following productivity and plant conversion data.

Projected Productiviries of Candidate Plant Species

The prirary candidate for aquatic energy farming
and waste treaiment in the sub-tropical United Staces
is. of course, the water hyacinth. The wetland plant



species gre-enrly studied by NASA which has & high
potential productivity fs t‘e cattall (T haceceg
Boyd (7) measured nmaxfmum cattail (Typha lat o [1a)
growth rates of 52.6 g dry veightlm”s “Pratt and
Andereon (8) found that the cattail cou{d produce
approximately 40 g dry welight/m?/day durln% the period
of maximum production. An average value 46.3 g/w*/
day was used in Table 4 to determine the projecced
annual productivity of the cattail in south Mississippi
during & normal growing season. Projected mean daily
and annual productivicies of these two plant species are

ycompared in Table 4, When water hyacinth and carcail
are cultivated in a controlled manner with regular ferti-
lizatrion and optimal harvesting rates, annual productivi-
ties of 154 (9) and 97 t/ha, respectively, are projcctcd
based on at least a seven month growing season. Annual
piojected productivities exceeding 100 t/ha are not un-
realistic for plants cultivated under ideal conditions
to achfeve constant maxiomum biomags production. Projec~
cions of this magnitude have been cited by other authors
for a variety of plants such as chlorella, sugar cane,
sorghum, and water hyacinth (10,11,12).

TABLE &. MEAN DAILY PRODUCTIVITY AND PROJECTED
T POTENTIAL ANNUAL PRODUCTIVITIES

Mean Productivity, t(dry uelght)/hl
Dail g Annbual¥
Total olacile

Total  Volatile
Plant Biomass _Solids Biomass Solids
Water
hyacinch 0.71 0.60 154 o 131
Cattail®s 0.46 0.40 97 84

* Based on a 7-month growth perfod in anvth
Mississippl .
** Aerial portion only

Biogss Production

The biomass produced on energy farms can be used
as & substrare for anaerobic fermentation to produce
biogas containing approxim.tcly 60% wethane by volume.
NASA has been using a new “snaserobic filter” technique
to produce bioga an average of three weeks (13).

The anaerobic illur provides 3 large surface area for
permanent microbial attachment, maintains an anaerobic
bacterial poplilation {n & separate vessel to winimize
oxygen contect, and reduces the lag time and total fer-
wentation time for methane generation. The efficiency of
the fllter improves with age until maturation fs reached,
when the mixed microbial populition attains an optimal
balance as deamonstrated in Figure 1. Example data of
batch biodigestions with and without a mature anserobic
filter can be cowpared in Table 5. Based on the data
presented in Table 5, a mean methane volume of 0.21 m’/kg
dry weight (3.4 cu. £t./1b) was produced in three weeks.
In batch fermentations without the aid of en anserobic
filter, the batch digestion time for fresh plant material
1s four to five times greater.

The plant material used in the studies compared in
Table 5 as well as cattail biomass fit the general re-
quirements for good potential substrate material for
anaerobic digestion as shown in Table 6. These general
requirements include high volatile solids, high content
of carbonaceous constituents especiall flt. protein,

ugars, and lipids followed by hemicellulo-e and lastly
cellulose, low lignin content, and a carbon to nitrogen
ratio < 30:1

TABLE 5. BATCH FERMENTATIONS WITH AND WITHOUT
ANAEROBIC FILTER (AF) AT 36°C.
(All gas volumes corrected to 20°C, and
all masses reported on a dry vtl;ht
basis.)13,

o

WITH AF . MITHOUT AF
"w——wm’mr’mw'm UH

Parameter

Total biogas,

w'/ 0.356 0.381 0.366 0.245
f:’/ b 5.71 6.11 5.93 3.93
‘I'onl meth‘ne,
0.198 0.215 0.214 0.169
fc'ITb 3.1 3.43 3.47 2.n
Overall % 56 56 59 &9
amcthane
Digestion 22 21 21 103
time, day

WH « water hyacinth
DW « duckweed
KZ = bkudzu
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Figure 1. Comparisan of Walyr Hyoointh Dhgestion Rates
sad Anascobic Filtar Age.

TABLE 6. MAJOR CONSTITUENTS OF P

BIOMASS SUITABLE
FOR ARAEROBIC DIGESTION. 3

Content, % Dry Weight

Water .
Constituent hyacinth Cattail* Duckweed Kudzu*
Volatile asolids 98.9 86.6 87.5 91.8
Fat 1.59 3.12 3.40 2.1
Fiber . 18.6  26.3 15.6  3L.3
Crude protein -14.7 18.4 37.0 16.3
Cellulose 21.5 26.2 10.0 26.2
Hemicelluloae 33.9 40.4 21.7 20.8
Lignin 6.01 5.97 2.72  10.5
Carbon 3%.9 50.1 43.7 43.1
Nitrogen 2.35 2.95 . 5.92 2.61
C:R 17:1 17:1 7:1 17:1

*Aerial portion only

Nutrient Recycling

During anaerobic fermentation, gaseous products are
evolved. MHethane and carbon dioxide are the main compo-~
nents of biogas with small amounts of nitrogen, hydrogen
sulfide, and hydrogen. Using thc Information in the pre-
vious section and assuming that caly i{nsi{gnificant
volumes of gases other than carbsn dioxide are lost, then
40% of the initial substrate =3<s i3 lost in the gasecus
state, and the remafning min.ral . are concentrated by &
factor of 1.7. The organic fcr izer that rexains is
completely stabilized and ready :or icmediate reuse.

The sxall amounts of nitrogen and sulfur that are lost
are replenished by the wastewater 1f the aystenm serves
8 dual purpose for waste treatment and bjorasns produc-
tion; othervise a sxall, supplerencral addiction of
cormercial fertilizer way be necensary. Other possihle
nitrogen supplemental sources are ie:- Tes which fix
atvospheric nitrogen. One pnotenttal ilace plant for
this purpose fs the kudzu vine (.5 B ) which
1s noted for its hardiness a=Z i, .. .7 . v as well

1




a :vr o~ ance oualities when allowed 1o grow freelv
Lutesn tuscarch ef1ores by NASA at NSTL ure directed
toverd buiancing such a nutrient recycling and bio-
LONVeILivn svoten.

ripjeclions

bssed on the projected productivities of the water
hyacinth and cati1sil, one hecrare of c¢ach plant species
could genrate enough biomass apnually to produce 32,300
and 20,400 m" methane, respectively. The heat content
of the energy produced per hectare would be 1.24 x 10
M) for the varer hysacinth system and 0.79 x 10* MJ for
the catiail system.  Metric-english conversions are
shown in Table 7.

TABLE 7. ENERGY PRODUCTIOR POTENTIAL GF WALTR
h HYACINTH AND CATTAIL

- _ . _ __MHethane Energv Content
Plant w’/halyr scflac/yr MWi/hafyr BTUjac/yr
Water hyacinth 32,300 ) 462,000 1.24X10%  476X10%
Cartail 20,6400 292,000 0.79x10* 301x10*

One must note at this point that these energy pro-
duction values are "gross" and not "net” values. Can-
didate plants from each of the three categories -
aquatic, wetland, and terrestrial - must be considered
in order to evaluate each respective plant’'s ease 6T
maintensnce, fertilization, harvesting, collection, and
transportation. Although the gross productivity and
consequently gross energy production ma{ be extremely
high, the net energy production may be lower than another,
plant species due to the energy input requirements.

Figure 2 shows an artist concept of a comprehensive
energy system. Alcohol is also an integral part of this
biomass conversion concept. The residual sludge in the
ansciobic digesters would be partially dewatered and the
mineral rich liquids returned as plent fertilizer.
Following preireatment, the undigested cellulose would
be fed into a fermenting vat containing cellulase enzyme
aud brewers yeast. The cellulose is first converted to
sugars and tﬁen to alcohol (15). The alcohol would be
distilled by using energy from the solar hot warer system
and supplemental heat, if needed, from wmethane.

METHANE ETHANOL ENERGY CONVERSION SYSTEM
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